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"With the affairs of active human beings it is different. Here knowledge of truth alone does 
not suffice; on the contrary this knowledge must continually be renewed by ceaseless effort, 
if it is not to be lost. It resembles a statue of marble which stands in the desert and is 
continuously threatened with burial by the shifting sands. The hands of science must ever be 
at work in order that the marble column continue everlastingly to shine in the sun. To those 
serving hands mine also belong."  
 
        Albert Einstein 
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Prostate cancer is one of the most diagnosed diseases in men at the present time. It is well 
known that changes in calcium (Ca2+) homeostasis are derived from modifications in Ca2+ 
regulating elements. Regucalcin (RGN) is a Ca2+-binding protein which plays an important role 
in maintenance of intracellular Ca2+ homeostasis and regulation of apoptosis and 
proliferation. RGN is underexpressed in prostate cancer cells, suggesting that a loss of RGN 
expression may be associated with tumor development. In vivo studies have also shown that 
Ca2+ administration acts as a regulator of RGN expression in liver and kidney tissues. However, 
no studies on the characterization of RGN regulation by extracelular Ca2+ in prostate cells 
have been conducted. To attain this goal, prostate cells were stimulated with different doses 
of CaCl2 during several periods of time. To assess RGN mRNA and protein expression, Real 
Time PCR and Western Blot were carried out, respectively. Moreover, the cell viability in 
response to treatments was evaluated through MTS assays. Our results show that non-
neoplastic PNT1A cells present higher levels of RGN when compared to neoplastic LNCaP or 
PC3 cells. We also verified that RGN expression in PNT1A cells is up-regulated by extracellular 
Ca2+ at 1,5h after stimuli, but its expression decreases after 3h of stimulation. We also 
showed that high doses of extracellular Ca2+ induce different effects on cell proliferation 
between PNT1A and LNCaP cells. This study led us to conclude that RGN appears to be 
regulated by extracellular Ca2+ levels in prostate cells and that an elevation of extracellular 
Ca2+ promotes high rates of cell proliferation in LNCaP cells, possibly due to the 
down-regulation in RGN expression in cancer cells. 
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O cancro da próstata é de umas das doenças mais diagnosticadas em homens de países 
Ocidentais. É sabido que as alterações na homeostase do cálcio (Ca2+) derivam de 
modificações ao nível dos elementos reguladores do Ca2+. A regucalcina (RGN) é uma proteína 
de ligação ao Ca2+ que desempenha um papel importante ao nível da manutenção da 
homeostase do Ca2+ intracelular, tal como na regulação da apoptose e da proliferação. A RGN 
é sub-expressa em células do cancro da próstata, sugerindo que a perda de expressão da RGN 
poderá estar associada com o desenvolvimento tumoral. Estudos in vivo mostram que a 
administração de Ca2+ actua como um regulador da expressão de RGN em fígado e de rim de 
rato. No entanto, ainda nenhum estudo acerca da caracterização da regulação da RGN pelo 
Ca2+ extracelular foi conduzido em células de próstata. Para atingir este objectivo, células da 
próstata foram estimuladas com diferentes doses de CaCl2 durante vários períodos de tempo. 
Para avaliar a expressão do mRNA e da proteína, estudos de Real Time PCR e de Western Blot 
foram efectuados, respectivamente. A viabilidade celular em resposta aos diferentes 
tratamentos foi avaliada através de ensaios de MTS. Os nossos resultados mostram que células 
não neoplásicas PNT1A apresentam níveis elevados de RGN quando comparados com células 
neoplásicas LNCaP e PC3. Também verificamos que a expressão de RGN em células PNT1A é 
regulada positivamente pelo Ca2+ extracelular às 1,5h de estímulo, sendo que a sua expressão 
começa a diminuir após as 3h. Mostramos ainda que elevadas doses de Ca2+ extracelular 
induzem diferentes efeitos ao nível da proliferação entre as células PNT1A e LNCaP. Este 
estudo levou-nos a concluir que a RGN aparenta ser regulada através do Ca2+ extracelular em 
células da próstata e que uma elevação nos níveis de Ca2+ extracelular poderá promover 
elevadas taxas de proliferação em células LNCaP, possivelmente devido a sub-expressão de 
RGN verificada em células tumorais.   
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O cancro da próstata encontra-se entre as doenças mais diagnosticadas em homens de países 
Ocidentais, sendo a sexta maior causa de morte em homens por cancro. Esta doença é 
caracterizada por um complexo processo multifásico que leva a mudança de uma célula 
normal para uma célula transformada, caracterizada pela diminuição do grau de 
diferenciação.  
Diversos estudos demonstram que o cálcio (Ca2+) apresenta um papel importante na 
carcinogénese da próstata, com implicações na motilidade celular, vias de sinalização 
envolvidas na angiogénese, vias de resposta a danos no DNA, regulação celular, entre outros. 
Elevados níveis de Ca2+ apresentam um importante papel na indução da apoptose em células 
normais, mas em células cancerosas pode apresentar um efeito proliferativo. Estas alterações 
devem-se a uma desregulação na homeostase do Ca2+, que poderá ser uma consequência de 
alterações dos elementos envolvidos na sua regulação. Várias proteínas encontram-se 
envolvidas na manutenção da homeostase do Ca2+, tais como, canais e bombas de Ca2+ e ainda 
proteínas de ligação ao cálcio.  
Este trabalho propõe estudar uma proteína de ligação ao Ca2+ com características um 
pouco diferentes das restantes, a regucalcina (RGN), pois esta não apresenta o domínio de 
ligação EF-hand característico deste tipo de proteínas. Esta proteína encontra-se 
sub-expressa em células cancerosas da próstata sugerindo que uma perda da expressão desta 
proteína poderá estar associada ao desenvolvimento tumoral. Esta proteína foi já associada a 
várias implicações em funções intracelulares tais como a regulação da apoptose e da 
proliferação celular. Estudos in vivo mostram que a administração de Ca2+ atua como um 
regulador da expressão da regucalcina no fígado e rim de rato. No entanto, ainda nenhum 
estudo acerca da caracterização da regulação da RGN pelo Ca2+ extracelular em células da 
próstata foi conduzido.  
O objectivo deste projecto passa então por compreender o papel do Ca2+ extracelular na 
expressão da regucalcina em células não-neoplásicas e neoplásicas da próstata, assim como a 
sua correlação com os efeitos do Ca2+ na viabilidade celular. Para atingir estes objectivos uma 
série de tarefas foram delineadas. Numa fase inicial pretende-se caracterizar a expressão da 
RGN em diversas linhas celulares da próstata, e de seguida avaliar os efeitos do Ca2+ 
extracelular na expressão da regucalcina em células não-neoplásicas da próstata. Para além 
disso, os efeitos do Ca2+ extracelular na viabilidade celular assim como a expressão do 
receptor sensível ao cálcio (CaSR) foram determinados em células não-neoplásicas e 
neoplásicas da próstata. Para caracterizar a expressão da RGN em linhas celulares da próstata 
foram selecionadas duas linhas não-neoplásicas (PNT1A e PNT2) e duas linhas neoplásicas 
(LNCaP e PC3). Os níveis de expressão da RGN foram avaliados por Real Time PCR e por 
Western Blot. Em seguida, procedeu-se a estimulação da linha não-neoplásica PNT1A com 
diferentes concentrações de cloreto de cálcio (CaCl2), nomeadamente 0mM, 1mM, 1,8mM e 
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3mM de CaCl2 ao longo de diferentes períodos de tempo (0h, 1.5h, 3h, 6h e 12h). Para avaliar 
a expressão da RGN utilizaram-se as técnicas de Real Time PCR e de Western Blot. Para 
avaliar os efeitos do Ca2+ extracelular na viabilidade de células não-neoplásicas e neoplásicas 
da próstata foram usadas duas linhas celulares diferentes, PNT1A e LNCaP, as quais foram 
submetidas a diferentes estímulos com CaCl2 (0mM, 1mM, 1,8mM, 3mM, 5mM e 10mM CaCl2) e 
durante diferentes intervalos de tempo (0h, 6h, 12h, 48h e 72h). Os níveis de viabilidade após 
estes estímulos foram determinados com recurso a ensaios de MTS. Por último caracterizou-se 
por PCR a expressão do receptor sensível ao cálcio (CaSR) nas linhas celulares PNT1A e LNCaP.  
Os nossos resultados mostram que células não-neoplásicas PNT1A apresentam níveis 
elevados de RGN quando comparados com células neoplásicas LNCaP e PC3. Verificamos 
também que a expressão de RGN em células PNT1A é regulada positivamente pelo Ca2+ 
extracelular após 1,5h de estímulo, sendo que a sua expressão começa a diminuir após as 3h 
de estimulação. Estas diferenças de expressão foram identificados não só ao longo do tempo 
da experiencia mas também em resposta às diferentes concentrações de Ca2+ extracelular, 
sendo que o pico máximo de expressão da RGN é obtido quando estimuladas com 3mM de 
Ca2+. Mostramos ainda que elevadas doses de Ca2+ extracelular induzem diferentes efeitos ao 
nível da proliferação entre células PNT1A e LNCaP, e que apenas as células LNCaP expressam 
o CaSR. 
Este estudo permite concluir que a expressão da RGN é regulada pelo Ca2+ extracelular 
em células da próstata. Concentrações elevadas de Ca2+ extracelular poderão promover maior 
taxa de proliferação nas células LNCaP, possivelmente devido reduzidos níveis de RGN nas 
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I. General Introduction 
1 Overview 
Prostate cancer is one of the most diagnosed diseases in men at the present time, 
becoming the sixth leading cause of death by cancer in men (1). This disease is considered a 
complex multistep process that turns a normal cell into a transformed cell, characterized by 
the lack of differentiation and that may proliferate indefinitely (2). 
It is well known that calcium (Ca2+) plays an important role in prostate cancer such as 
cellular motility (3, 4), signaling pathways involved in angiogenesis (5), DNA damage response 
pathways (6), transcription regulation (7) and others. High levels of Ca2+ play an important 
role in apoptosis induction in normal cells (8), but in cancer cells it has been shown a 
proliferative effect triggered by Ca2+ (9).  
These changes in Ca2+ homeostasis are greatly given by modifications in Ca2+ regulating 
elements. Several proteins are involved in maintenance of Ca2+ homeostasis, such as Ca2+ 
channels, pumps, and calcium-binding proteins. We propose to study a quite different Ca2+ 
binding protein, regucalcin, which does not contain EF-hand motif of calcium-binding domains 
(10). This protein is down-regulated in prostate cancer cells, suggesting that a loss of 
regucalcin expression may in part be associated with tumor development (11). This protein 
was found to have implications in various intracellular functions such as regulating apoptosis 
and proliferation. In vivo studies have also shown that Ca2+ administration acts as a regulator 
of regucalcin expression in liver (12) and kidney tissues (13). Therefore, the aim of this study 
is to understand the role of extracellular calcium in regucalcin expression in normal and 
neoplastic prostate cells, as well as its correlation with the effects of Ca2+ on cellular 
viability. 
2 Brief description of prostate anatomy and physiology  
The prostate is an accessory organ of the male reproductive tract and is about 4 cm 
across and 3 cm thick, resembling the size and shape of a chestnut. It is considered the 
largest accessory gland of the male reproductive system and lies immediately below the 
urinary bladder, where it surrounds the beginning portion of the urethra (Figure 1). The 
glandular tissue makes up approximately two thirds of the prostate, and the other third is 
fibromuscular. The prostate is enclosed by a fibrous capsule which is dense and 
neurovascular, incorporating the prostatic plexus of veins and nerves. Its lobes are formed by 
the urethra and the ejaculatory ducts that extend through the gland. The ducts from the 
lobes open into the urethra (14). 
This gland provides some of the constituents in the semen, producing a thin and 
milky-colored prostatic secretion which allows sperm cell motility. The alkalinity of prostatic 
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fluids helps to protect the sperm in their passage through the acidic environment of the 
female vagina. This secretion contains calcium, citrate and phosphate ions, a clotting enzyme 
and profibrinolysin. The prostate also secretes the enzyme prostatic acid phosphatase (PAP), 
which is often measured clinically to assess prostate function. The discharge from the 
prostate makes up about 30% of the volume of the semen (15-17). These secretions are 


















Figure 1 Pelvic part of ureteres, urinary bladder, seminal glands, terminal parts of ductus deferens, and 
prostate (14). 
 
A great number of models have been proposed over time to account for the clinical 
anatomy and pathology of the human prostate. According to the McNeal approach which 
divides the prostate into 4 distinct zones: the peripheral zone (PZ), a central zone (CZ), a 
transitional zone (TZ), and periurethral zone (PUZ) (19-21) (Figure 2). The PZ constitutes 
about 70% of the glandular part of the prostate and is the zone from where almost all 
carcinomas arise. The CZ is surrounded by the PZ in its distal part and comprises of 25% of the 
glandular prostate that surrounds the ejaculatory ducts. The TZ reveals a clinical importance 
because it grows with age and it is the commonest site where benign prostatic hypertrophy 





















Figure 2 Anatomy of the human prostate gland. The prostate gland is divided into zones, including the 
central zone, peripheral zone, and transitional zone (23). 
 
Prostate epithelium is composed of three types of cells: the secretory epithelial cells, 
the basal cells, and a small number of neuroendocrine cells. The secretory cells include the 
exocrine compartment of the prostate epithelium, characterized as columnar luminal cells 
that synthesize and secrete proteins, including prostate-specific antigen (PSA) and PAP (15, 
19, 20, 24, 25). Secretory cells express high levels of androgen receptors (ARs) and are 
androgen dependent, therefore requiring testosterone for their survival. Besides this 
androgen, secretory cells reveal being more responsive to the reduced metabolite 
dihydrotestosterone (DHT) for maintaining secretory activity (26). The basal cells lie beneath 
the secretory cells and appear as flattened,  forming a continuous layer of cells abutting the 
basement membrane (19, 27). These cells are also identified by a lack of expression of the 
major prostatic secretory proteins, such as PSA and PAP (28). Unlike secretory epithelial cells, 
the basal cells are androgen independent, yet they are androgen responsive (29); in other 
words  they are not reliant on androgens for maintenance and survival, but their growth and 
differentiation is stimulated by androgens. AR expression is low in basal cells compared with 
secretory epithelial cells, consistent with their ability to be androgen independent, but also 
androgen responsive (30, 31). 
Androgens regulate several important functions within the epithelial compartment such 
as cellular proliferation, differentiation, as well as metabolic and secretory functions. The 
primarily role of AR is to maintain the differential secretory function of prostate epithelial 
cells (15, 32).    
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3 Androgens and Calcium in prostate carcinogenesis 
Prostate cancer (PC) is the second most frequently diagnosed cancer in men which is 
equivalent to 913 000 new cases per year equivalent to 13.6% of the total cases occurred. It is 
the fifth most common cancer overall with an estimated 261 000 deaths in 2008, making PC 
the sixth leading cause of death from cancer in men (1). Nearly three-quarters of the 
registered cases occur in developed countries (644 000 cases), possibly due to the practice of 
PSA testing and subsequent biopsy (1).  
Cancer is a complex multistep process that turns a normal cell into transformed cell, 
characterized by the lack of differentiation and that may proliferate indefinitely. From a 
clinical point of view, cancer is a large group of diseases that vary in their age of onset, rate 
of growth, state of cellular differentiation, invasiveness, metastatic potential, response to 
treatment, and prognosis. From a molecular point of view, cancer may be a relatively small 
number of diseases caused by similar molecular defects in cell function resulting from 
common types of alterations to a cell’s genes (2)  
Tumors cells are composed of multiple distinct cells types that participate in 
heterotypic interactions with one another (33). Six hallmarks of cancer comprise biological 
capabilities acquired during the multistep development of human tumors, namely sustained 
proliferative signaling, ability to evade growth suppression, resistance to death, immortality, 
angiogenesis induction, active invasion and metastasis. Beyond these hallmarks tumor 
microenvironment, they also revealed the ability to alter or reprogram cellular metabolism, 
as well as, evading immunological destruction. All these aspects lead to genomic instability 
and thus mutability and inflammation support for multiple hallmark capabilities  (33). These 
changes may occur via gene mutation, translocation, amplification, deletion, loss of 
heterozygosity, or via a mechanism resulting from abnormal gene transcription or translation. 
The overall result is an imbalance between cell proliferation and cell death in a tumor cell 
population that leads to an expansion of tumor tissue (2).  
Prostate physiology is highly dependent of androgens and Ca2+. The deregulation of Ca2+ 
homeostasis may lead to the development and progression of PC cells. The mechanisms 
underlying the role of androgens and Ca2+ in prostate cells must be explored in order to better 
understand the process of prostate carcinogenesis.    
The prostate gland is known for being an androgen-dependent tissue (34). The 
activation of AR by androgens is required for the growth and survival of malignant prostate 
cells. The great majority of PCs initially suffer regression when submitted to androgen 
ablation therapy, but basically all cases become hormone independent (35, 36) (Figure 3). 
This last is more aggressive and metastatic phenotype, reflecting in a resistance to hormonal 
therapy and ultimately causing death (37). In this stage of cancer, the AR remains strongly 
expressed and active, even in the absence of androgens (36, 38). It remains a critical factor 
for growth and survival of the majority of tumors (15, 39, 40).  
 
 
















Figure 3 Prostate cancer evolution after androgen deprivation therapy (AEC: apical epithelial cells, BEC: 
basal epithelial cells, SMC: smooth muscle cells, NEC: neuroendocrine cells) (41). 
 
The activation of multiple signaling pathways such as AR, estrogen receptor (ER), 
epidermal growth factor receptor (EGFR), HER-2, hedgehog and Wnt/b-catenin, may confer  
the aggressive phenotypes that are observed in high prostatic intraepithelial neoplasia (PIN) 
(42). In this particular phenotype various changes are noted, such as AR gene amplification, 
altered expression and function of AR co-activators, and ligand-independent AR activation 
through stimulation of alternate signal transduction pathways (35, 43, 44), as well as local 
production of androgen within the castration resistant tumor (45, 46).  
The AR can also acquire mutations to become either hypersensitive to androgens, 
facilitate AR function due to altered interactions with AR co-regulators, or expand AR ligand 
specificity when these mutations occur in the ligand-binding domain. This last ensures that 
the receptor can be promiscuously activated by a broad group of steroids, including 
estrogens, progestins, adrenal steroids, and even anti-androgens (47-49). These types of 
mutations appear to be more frequent on more advanced tumors or recurrent tumors rather 
than early stages of prostate cancer (50).  
Ca2+ acts as a ubiquitous intracellular signal responsible for controlling numerous 
cellular processes. It acts as second messenger for the common signal transduction in cells 
and plays a central role in the regulation of many aspects of cell physiology, with implications 
in processes such as cancer growth, cell cycle progression, cell migration, angiogenesis, 
apoptosis and proliferation (51-53). Ca2+ can play a direct role in controlling the 
transcriptional events that select out the types of Ca2+ signaling systems that are expressed in 
specific cell types (53). When deregulation of cell differentiation and proliferation are 
verified together with the suppression of apoptosis, conditions for abnormal tissue growth are 
provided (41, 54). 
Every cell type expresses a unique set of components from the Ca2+-signaling toolkit 
to create Ca2+-signaling systems with different spatial and temporal properties. Ca2+ is 
regulated by a complex signaling toolkit, composed of various signaling components which 
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include receptors, transducers, channels, Ca2+  buffers, Ca2+  effectors, calcium-sensitive 
enzymes and processes as well as Ca2+ pumps and exchangers that when mixed and matched 
can create diverse arrays of signaling responses (55).  
Almost all Ca2+-signaling systems are based on the principle that they act through the 
generation of brief pulses of Ca2+, called transients. These Ca2+ transients are created by 
variations of the basic on/off reactions, creating signals with widely different spatial and 
temporal profiles (53, 55) (Figure 4). Ca2+ signals are derived either from internal stores or 
from the external medium. When derived from external stores, there are many different 
plasma-membrane channels that control Ca2+ entry from the external medium in response to 
stimuli that include membrane depolarization, stretch, noxious stimuli, extracellular agonists, 
intracellular messengers and the depletion of intracellular stores. When the stimuli occurs 
from internal stores, the release of Ca2+ from the endoplasmic reticulum (ER) or its muscle 
equivalent, the sarcoplasmic reticulum (SR) is controlled by Ca2+ itself. This release can also 
be mediated by a group of messengers, such as inositol-1,4,5-trisphosphate (IP3), cyclic ADP 
ribose (cADPR), nicotinic acid adenine dinucleotide phosphate (NAADP) and sphingosine-1-





















Figure 4 Calcium-signaling dynamics and homeostasis. During the ‘on’ reactions, stimuli induce both the 
entry of external Ca2+ and the formation of second messengers that release internal Ca2+ that is stored 
within the endoplasmic/ sarcoplasmic reticulum (ER/SR). Most of this Ca2+ (shown as red circles) is 
bound to buffers, whereas a small proportion binds to the effectors that activate various cellular 
processes that operate over a wide temporal spectrum. During the ‘off’ reactions, Ca2+ leaves the 
effectors and buffers and is removed from the cell by various exchangers and pumps (55). 
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The Ca2+ signaling network can be divided into four major functional units. In a first 
phase, signaling is triggered by a stimulus that generates various Ca2+-mobilizing signals, 
followed by an activation of the ON mechanisms that feed Ca2+ into the cytoplasm. 
Afterwards, Ca2+ acts as a second messenger to stimulate numerous Ca2+-sensitive processes 
and finally, the OFF mechanisms, composed of pumps and exchangers, that remove Ca2+ from 
the cytoplasm to restore the resting state (53). 
Ca2+ homeostasis is highly regulated within cellular compartments to achieve the 
sensitive regulation of cell signaling pathways that can precisely respond to many stimuli. The 
levels of extracellular free calcium ([Ca2+]o) is within a narrow range of about 1.1 to 1.3 mM 
(56, 57), ensuring that Ca2+ ions are available for their extracellular roles, including as a 
cofactor for various proteins, namely clotting factors and adhesion molecules (57). [Ca2+]o 
may act on cells functions mainly through the extracellular calcium-sensing receptor (CaSR), 
namely in regulation of cell proliferation, differentiation, and apoptosis (58). Intracellular 
Ca2+ levels ([Ca2+]CYT) play an important role in the regulation of cellular processes such as 
muscular contraction, cellular motility, differentiation and proliferation, hormonal secretion 
and apoptosis. [Ca2+]CYT are maintained at low levels,  about 100nM (59), when compared to 
the levels of ([Ca2+]o) described previously. Ca2+ ions cross the plasma membrane through 
various types of ion channels and other transport systems (55). 
There are three major classes of membrane-associated proteins that are directly 
involved in Ca2+ homeostasis: channels, ATPases (pumps) and exchangers (60, 61) (Figure 5). 
Ca2+ channels allow diffusion of Ca2+ down its concentration gradient, and provide the flow of 
Ca2+ out of the ER into the cell cytosol. Some of these channels include the IP3 receptor and 
ryanodine-activated Ca2+ channels. Plasma membrane channels, such as the voltage-gated 
Ca2+ and transient receptor potential (TRP) ion channels are also involved in the influx of Ca2+ 
across the plasma membrane into the cell. Ca2+ pumps are known to transport Ca2+ against a 
concentration gradient; some of these pumps include the sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPases (SERCAs) the plasmalemmal Ca2+-ATPases (PMCAs). SERCAs pump Ca2+ 
into the ER while the PMCAs are responsible for the efflux of Ca2+ across the plasma 
membrane and out of the cell. Ca2+ exchangers, such as the plasmalemmal Na+/Ca2+ 
exchanger make use of the existing Na+ gradient to transport Ca2+  (60, 61).    




Figure 5 Ca2+ channels, pumps and exchangers and important regulatory domains. Arrows show possible 
directions for Ca2+ transport (note that the Na+/Ca2+ exchanger (NCX1) can transport Ca2+ in either 
direction depending on the concentration gradients for K+, Na+ and Ca2+ across the plasma 
membrane13). Pink shapes indicate binding sites of modulators. Depictions of Ca2+ transporters are 
schematic; some channels such as TRPM8 and IP3 receptor are functional as multimers (6). 
 
Apoptosis is an important cellular process in which Ca2+ takes part through Ca2+ 
dependent mechanisms. Although interrelated, these mechanisms may be subdivided in 
cytoplasmic, mitochondrial and ER-mediated.  
Cellular Ca2+ overload may be provoked by various types of stimuli, leading to 
mitochondrial Ca2+ uptake. Apoptosis as well as necrosis are often linked to accumulation of 
excessive Ca2+ by the mitochondria and activation of mitochondrial membrane 
permeabilization (7, 8). This is partly mediated by the opening of permeability transition pore 
(PTP). PTP opening allows release of mitochondrial apoptosis-inducing factor (AIF) into the 
cytoplasm where it, in turn activates death-executing caspase cascade (54). Initial cytosolic 
overload can also induce cell death by a rather different mechanism, involving the activation 
of calcium/calmodulin (CAM)-dependent phosphatase, calcineurin. Calcineurin-catalyzed 
dephosphorylation promotes apoptosis by regulating the activity of a number of downstream 
targets, such as pro-apoptotic Bcl-2 family member Bad (62), transcription factors from the 
nuclear factor of activated T cells (NFAT) family (63), several DNA-degrading enzymes (64) 
and Ca2+-activated cystein proteases of calpain family. ER acts as a dynamic organelle 
providing the main storage place for [Ca2+]CYT. The so called ER stress may result from a 
disturbance in Ca2+ homeostasis or newly synthesized protein processing and is a critical 
determinant in apoptosis. It has been shown that ER stress activates specific ER-localized 
Regucalcin regulation by extracellular calcium in prostate cells 
9 
 
capase-12 with in turn triggers a cascade of reactions leading to the activation of other 
caspases in a mitochondria and Cyt-c-independent manner. Reduction in the Ca2+ content of 
the lumen of the ER is known to be associated with resistance to apoptosis (8, 65).  
As referred previously, high Ca2+ levels in normal cells leads to apoptosis. In cancer 
cells, an elevation in [Ca2+]o promotes the proliferation of PC cell line PC-3, but no effects 
were observed in the LNCaP cell line (9).  
Beyond normal physiological processes, Ca2+ is also implicated in various processes 
related to carcinogenesis, such as cellular motility which is considered an important aspect of 
tumor invasion and metastasis (3, 4). Ca2+ is considered a key regulator of signaling pathways 
important in angiogenesis. Vascular endothelial growth factor (VEGF), known as an angiogenic 
stimulator, can increase [Ca2+]CYT by mobilizing Ca
2+ release from internal stores (5).  This ion 
can also modulate some aspects of DNA damage response pathways, influencing genomic 
stability and cell survival (6). Ca2+ levels are also implicated in transcription regulation (7). 
This regulation can occur indirectly through Ca2+ oscillations for the transcription of nuclear 
NFAT, or directly through  the downstream regulatory element antagonist modulator (DREAM) 
(60). The Ca2+ effector S100A8 protein is known to inhibit the activity of telomerase, which is 
an enzyme that stabilizes telomeres and contributes to cell immortality (66). Cancer cells 
have the ability to dedifferentiate in the tumorigenic process, where Ca2+ signaling acts in the 
differentiation process either through the CaSR and/or through alterations in [Ca2+]CYT
 (67). 
Ca2+ acts as a  key regulator of the cell cycle through various signaling pathways, including 
regulation of Ras activity (68). Ca2+ can also indirectly regulate the subcellular localization of 
key proteins associated with tumorigenesis (69). In addition, Ca2+ can also indirectly modulate 
cell-cycle regulators such as activating the transcription of immediate early genes important 
in the G0-G1 transition and for the phosphorylation of retinoblastoma protein in late G1 phase 
(70).  
 [Ca2+]o mainly acts on cells through the CaSR. CaSR is a heterotrimetric G-protein-
coupled receptor (GPCR), composed of at least 2 Gα subunits involved in its transmembrane 
signaling, Gαi and Gαq. The activation of the CaSR, via either Gαi or Gαq, leads to the 
inhibition of adenylyl cyclase. Therefore, there is a decrease of cyclic AMP (cAMP) levels, and 
phospholipase C becomes active to produce IP3 (58, 71, 72) (Figure 6). Activated CaSR is also 
known to transactivate the epidermal growth factor  receptor (EGFR) which is followed by 
ERK1/2 activation and PTHrP release (73). 




Figure 6 Extracellular calcium acts as a genuine first messenger by binding to the calcium-sensing 
receptor (CaR). CaR is a guanine nucleotide G-protein-coupled receptor consisting of the typical seven 
hydrophobic α-helices. The binding of calcium to CaR results in activation of phosphatidylinositol-
specific phospholipase Cβ (PLCβ) through recruitment of the Gαq/11 protein. Activated PLCβ hydrolyses 
membrane-bound phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to two important intracellular 
messengers, inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 diffuses to the cell cytosol 
and releases calcium stored in the endoplasmic reticulum (ER) by binding and opening IP3-gated 
tetramer calcium channels embedded in the ER membrane (74).  
 
In human PC cell lines, the expression of CaSR mRNA and protein has been detected 
(75). Elevated [Ca2+]o was shown to lead to the activation of CaSR at the cell membrane. It 
has been demonstrated that CaSR expression is up-regulated by [Ca2+]o in PC3 cells, but not in 
LNCaP cells (9). CaSR expression in PC cells correlates with the proliferative effect of 
elevated [Ca2+]o and the cellular metastatic behavior (9), suggesting that the activation of 
CaSR may favor proliferation of prostate cancer cells (9).  
As described previously, the calcium homeostasis is maintained through a complex 
signaling toolkit, composed of various signaling components. During the ON reactions, Ca2+ 
flows into the cell and interacts with different Ca2+-binding proteins, of which there are ~200 
encoded by the human genome that function either as Ca2+ effectors or buffers (76).  Next, 
we will focus on a rather different Ca2+ binding protein, regucalcin. 
4 Regucalcin  
Regucalcin was identified in 1798 as a Ca2+ binding protein that doesn´t contain the EF-
hand motif of a Ca2+ binding domain. It is also known as senescence marker protein-30 
(SMP30) due to its decreased expression with aging in liver and kidney (77-79).  
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4.1 Gene/Protein Structure 
The human regucalcin gene is localized on the human chromosome Xq11.3-11.2 (79), and 
the organization of the regucalcin gene consists of seven exons and six introns (78). The 
molecular weight of regucalcin is estimated to be around 33,388 KDa, and it presents 299 
amino acids (80) (Figure 7). Beyond its expression in rat and human, the regucalcin gene is 
also present in mouse, cow, monkey, dog, rabbit, and chicken but not in yeast (81).  
 











Figure 7 Alignment of the exons for the rat regucalcin gene with the cDNA. The regucalcin gene is 
localized on the chromosome X. The organization of rat regucalcin gene consists of seven exons and six 
introns. Regucalcin is composed of 299 amino acid residues and its molecular weight is estimated to be 
33,388 Da. (A) The genomic organization of rat regucalcin gene. The positions of exons, which are shown 
as boxes (I–VII), are indicated in the agreement with the protein coding regions. Intones are depicted by 
connecting lines. (B) A diagram of the regucalcin cDNA from rat liver. (C) The organization of amino acid 
residues of regucalcin (82). 
 
 
Regucalcin mRNA is mainly present in the rat liver and kidney cortex (13, 83), and 
slightly less expressed in brain, heart, bone, breast, lung, prostate, and other tissues (11, 84-
87). It has been demonstrated that the regulation of regucalcin mRNA expression is 
dependent of the Ca2+/calmodulin complex, protein kinase C, and tyrosine kinase, suggesting 
that calcium signaling acts as an important role in regulation of regucalcin mRNA expression 
(88-90).     
Transcript variants for human regucalcin gene were initially reported as identical in 
their coding region, differing only in 5’-untranslated regions (91).  However, Maia et al. 
(2008) suggested the occurrence of alternative splicing of the regucalcin pre-mRNA. 
Regucalcin wild-type cDNA and two additional bands were found in both human prostate and 
breast non-neoplasic cell lines. The regucalcin wild-type cDNA was shown to be 897 bp in 
size, additional bands lacking exon 4 (]4) and exon 4 and 5 (]4,5) have respectively 681 and 
549 bp.  
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4.2 Regulation of gene expression  
There are many cell-signaling factors involved in regulation of regucalcin gene 
expression (Figure 8). The expression of regucalcin mRNA is mediated through a Ca2+-
dependent signaling mechanisms (92). The effect of Ca2+ administration on regucalcin mRNA 
in the liver of rats was demonstrated by Shimokawa and Yamaguchi (1992), where high doses 
of Ca2+ produced a rapid increase in the expression levels of mRNA encoding regucalcin in the 
liver. This increase was determined at 30min after the administration, reaching a maximum 
at 120min. After this period of time, the mRNA levels decrease implicating that there might 
be a regulating system that suppresses over-expression of the regucalcin gene in the liver 
(13). The role of Ca2+ in regucalcin expression was also shown in kidney cortex after a single 
intraperitoneal administration of calcium chloride (CaCl2) solution, where calcium 
administration increased the expression of regucalcin mRNA, this increase was considered 
remarkable at 60-120min after the administration (12). Induced hypercalcemia, after oral 
administration of calcium, has also induced an increase in calcium content and regucalcin 















Figure 8 The transcription activity of regucalcin gene is regulated through various cell signaling factors. 
AP-1, NF1-A1, and RGPR-p117 of transcription factor are translocated from the cytoplasm to the nucleus 
that is mediated through protein kinase C, Ca2+- calmodulin-dependent protein kinase (CaM kinase), 
MAPK kinase, and PI3 kinase, which are activated by various hormones. These transcription factors 
enhance the promoter activity of regucalcin gene in the nucleus. Regucalcin gene expression may be 
also regulated through β-catenin, NF-kB, estrogen receptors, and other factors (82). 
 
 A decrease of hepatic regucalcin mRNA levels was verified after fasting of rats, 
suggesting that glucose may be a stimulatory factor in the expression of regucalcin mRNA in 
the liver (94). The administration of insulin lead to a remarkable elevation of regucalcin 
mRNA expression in the liver of fasted rats (94). The administration of 17β-estradiol, a steroid 
hormone related to nuclear receptor, caused a remarkable increase in regucalcin mRNA in the 
liver of rats. This enhancement after 17β-estradiol may be involved in an increase in the 
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estrogen response element promoter activity (95). Regucalcin was already shown to be 
present in rat prostate and mammary gland, where its expression decreases in response to 
17β–estradiol (11, 87). This effect is similar to observed in kidney cortex (96) but different 
from what happened in liver tissues, where a enhancement in mRNA expression was verified 
(97). Β-Catenin has also been shown to have a role in enhancing regucalcin gene expression 
(98), as well as the tumor necrosis factor (TNF-α) which is shown to suppress regucalcin mRNA 
expression in osteoblastic MC3T3-E1 (99).     
A series of transcription factor-binding sites for the regucalcin gene were already 
described, where some of these regions consist of the TATA-like sequence, a CAAT box, Sp-1 
sites, binding sites for classes of C/EBP transcription factors in addition to AP-2, AP-1, GATA-
1, and AP-1/GRE (100) (Figure 9). AP-1, NF1-A1, and RGPR-p117 are transcription factors 
which bind to the promoter region of the regucalcin gene and enhance its transcription 















Figure 9 Putative transcription factor binding sites in the promoter region of mouse SMP30 genomic 
locus. Transcription initiation sites are indicated by arrows. The nucleotide sequence in the promoter 
region of mouse SMP30 genomic locus (DDBJ database under the accession number U32170) was 
searched for the transcription factor binding sites of nucleotide motif database. The representative 
putative transcription binding sites are illustrated in the scheme. A TATA-like sequence, a CAAT box, 
and Sp-1 sites are found at nt -29, -72 and -169, respectively. Binding sites for C:EBP, AP-2, AP-1, GATA-
1 and AP-1:GRE cites are also found. Nucleotides (nt) is represented as minus bp from the transcription 
initiation site (proximal promoter region in upper panel and distal region in lower panel) (101). 
 
4.3 Calcium homeostasis 
It has been shown that regucalcin plays an important role in the maintenance of 
[Ca2+]CYT by the regulation of Ca
2+ transporting systems (77). In addition, it is also important in 
the inhibitory regulation of various Ca2+-dependent protein kinases, tyrosine kinases, protein 
phosphatases, nitric oxide (NO) synthase, protein synthesis, nuclear DNA and RNA synthesis in 
many cell types (77, 78).  
Intracellular Ca2+ homeostasis is regulated through a series of calcium channels and 
receptors, and it has been described that regucalcin regulate various Ca2+ transporting 
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systems, such as plasma membrane (Ca2+-Mg2+)-adenosine 5’-triphosphatease (ATPase), 
microsomal Ca2+-ATPase, mitochondrial Ca2+ uptake, as well as, nuclear Ca2+ transport in the 
cells (77) (Figure 10). 
 
 
Figure 10 Regucalcin has a pivotal role in keeping intracellular Ca2+ homeostasis that is attenuated with 
various stimulating in cells. Regucalcin increases plasma membrane (Ca2+–Mg2+)-ATPase, mitochondrial 
Ca2+-ATPase and microsomal Ca2+ -ATPase activities in cells. Regucalcin also stimulates Ca2+ release 
from the microsomes (endoplasmic reticulum). Regucalcin has an inhibitory effect on nuclear Ca2+-
ATPase and a stimulatory effect on Ca2+ release from the nucleus. Through thus mechanism, regucalcin 
plays a part in regulating the rise of cytosolic Ca2+ concentration and nuclear matrix Ca2+ levels in cells 
that suppresses Ca2+ -dependent cellular events (77). 
 
 
In liver, regucalcin directly activates (Ca2+–Mg2+)-ATPase independently of Ca2+-
stimulated phosphorylation of the enzyme (102, 103). It has also been shown that it may 
stimulate ATP-dependent Ca2+ transport across the plasma membrane vesicles of rat liver 
after addition of Ca2+ in in vitro conditions (104). Regucalcin also act as an activator of the 
ATP-dependent Ca2+ pumps in the basolateral membranes isolated from rat kidney cortex, 
suggesting that regucalcin may act on the SH groups of Ca2+-ATPase (105). This 
calcium-binding protein has been found to possess an inhibitory effect on Ca2+-ATPase activity 
in rat brain microsomes (106), but not in the mitochondria of rat brain tissue (107).  
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A great number of enzymes in cells are activated by Ca2+ and calmodulin systems. 
Many evidences have been shown that regucalcin has an inhibitory effect on enzyme 
activation by these same systems (108). Ca2+/calmodulin-dependent enzymes are present in a 
various number of tissues and cells. Regucalcin has been spotted to play an important role in 
the regulation of these enzymes, namely in reversing the activity of many Ca2+-activated 
enzymes (phosphorylase a, glucose-6-phosphatase, fructose-1,6-bisphosphatase, pyruvate 
kinase, protein kinase C, Ca2+/calmodulin-dependent protein kinase, protein phosphatase, 
and Ca2+/calmodulin-dependent cyclic AMP phosphodiesterase) and of Ca2+-inhibited enzymes 
(5’-nucleotidase and dUTPase) (77).   
The inhibition of the activity of these previously described enzymes leads to 
regucalcin having a physiological role in the intracellular control of the hormonal stimulation 
for phosphorylation and dephosphorylation of many proteins in various cell types.  
Regucalcin also has a regulatory effect on the Ca2+ transport system in kidney cells. It 
has been demonstrated that regucalcin has a suppressive effects on the gene expression of 
L-type Ca2+ channel and CaSR, which regulate intracellular Ca2+ signaling (109).   
  
4.4 Cell Cycle 
 
Regucalcin has been implicated in various processes involved cell cycle regulation, such 
as the regulation of tumor-related genes. The expression of mRNA of tumor stimulator genes, 
such as, c-myc, c-src, and H-ras are found to be suppressed in transfectants overexpression 
regucalcin (110, 111). On the other hand, the expression of mRNA of tumor suppressor genes, 
p53 and Rb was markedly enhanced in transfectants overexpressing regucalcin (111).  
Regucalcin may have a suppressive effect on many signaling pathways that mediate 
cell death and apoptosis, as summarized in Figure 11. This protein has the ability to inhibit 
the nitric oxide (NO) synthase that is related to cell apoptosis (112), suggesting that 
regucalcin has a suppressive role in apoptosis (113). Overexpression of regucalcin was also 
found to have a suppressive effect on cell death induced by stimulation with higher 
concentrations of TNF-α (114), as well as, manifesting a suppressive effect on LPS-stimulated 
cell death and apoptosis (115). A various number of studies have shown that Ca2+ plays an 
important role in the regulation of nuclear functions. It has been demonstrated that Ca2+ 
stimulates in vitro DNA fragmentation in isolated rat liver nuclei, but this effect is inhibited 
in the presence of regucalcin (116). Studies suggest that this inhibitory effect may be partly  
based on binding of Ca2+ (117). Overexpression of regucalcin in hepatoma cells has being able 
to suppress DNA fragmentation induced by thapsigargin (118). Another apoptosis inducing 
factor is Ca2+, its entry into cells is known to induce cell death (118, 119). Regucalcin may 
have a suppressive effect on Ca2+ entry-induced stimulation of apoptosis in hepatoma cells 
(118). In the kidney suppressive effects of regucalcin have also been verified, the 
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overexpression of regucalcin has a suppressive effect on apoptotic cell death induced by 
various factors such as TNF-α, LPS, Bay K 8644, or thapsigargin in kidney NRK52E cells (120).   
 
 
Figure 11 Regucalcin has a role as suppressor in cell death and apoptosis induced by various factors. 
Regucalcin suppresses cell death induced by various factors (including TNF-a, insulin, IGF-I, LPS, 
PD98059, dibucaine, thapsigargin, Bay K 8644, or sulforaphane). The suppressive effect of regucalcin on 
cell death and apoptosis is mediated due to inhibiting the activities of NO synthase, caspase-3, and Ca2+-
dependent endonuclease and activating Bcl-2 in the cell (77). 
 
Regucalcin has been shown to have a role as suppressor in the enhancement of 
proliferation in in vitro of liver cells. Serum stimulation may lead to an increase in cell 
proliferation that is partly mediated through cascade for various protein kinases in H4-II-E 
cells. This effect was completely abolished after the addition of exogenous regucalcin, which 
has an inhibitory effect on the enzyme activity (121). Regucalcin when translocated to the 
nucleus it may play a suppressive role in the regulation of protein kinase and protein tyrosine 
phosphatase in liver nucleus (122). A suppressive effect on tyrosine kinase, protein kinase C, 
and Ca2+/calmodulin-dependent protein kinase in the cytoplasm and nucleus of regenerating 
rat liver is also verified (123-126). DNA synthesis activity in the nuclei of normal rat liver has 
been shown to be inhibited by regucalcin (127), suggesting a suppressive effect on nuclear 
DNA synthesis in regenerating rat liver. Regucalcin may also have a suppressive role in the 
enhancement of nuclear DNA synthesis in liver cell proliferation (128). In normal kidney cells, 
NRK52E (wild type), the enhancement of  cell proliferation was suppressed in transfectants 
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overexpressing regucalcin (129). Overexpression of regucalcin has shown to have a preventive 
effect on Bay K 8644-induced inhibition of cell proliferation (129). 
Overexpression of regucalcin has also a suppressive effect on cell responses that are 
mediated through signaling processes that are mediated by TNF-α or transforming growth 
factor-β1 (TGF-β1) in NRK52E cells (130). Overexpression of regucalcin has been found to 
suppress the inhibitory effect of various factors which induce cell cycle arrest in phases such 
as G1 and G2/M, in H4-II-E proliferative cells (131).  
4.5 Expression in cancer 
 Expression of regucalcin in cancer tissue was first demonstrated by Makino and 
Yamaguchi, 1995 where they showed that regucalcin mRNA is clearly expressed in the 
transplantable Morris hepatoma cells (132). Regucalin has also been identified as a 
down-regulated gene in mouse (133) and human (134, 135) hepatocellular carcinomas. Other 
studies have demonstrated that regucalcin has a suppressive effect on the function of nucleus 
in the cloned rat hepatoma H4-II-E cells with proliferation. Endogenous regucalcin has an 
inhibitory effect on the enhancement of protein phosphatase activity (136) and protein kinase 
activity (137). Furthermore, RGN expression in hepatocellular carcinomas has been implicated 
in suppression of proliferation (131, 138), inhibited expression of oncogenes as well as the 
increased expression of tumor suppressor genes as described previously (110, 111). 
Further studies also demonstrated the expression of regucalcin mRNA and protein in 
non-neoplastic human breast and prostate as well as in cancers of both tissues. Both breast 
and prostate non-neoplasic tissues seem to display stronger expression of regucalcin when 
compared with cancer cells. Moreover, it was also demonstrated that regucalcin is 
under-expressed in prostate tumors, and a significant negative association between 




















It is well known that changes in calcium (Ca2+) homeostasis are derived from 
modifications in Ca2+ regulating elements and that regucalcin plays an important role in 
maintenance of intracellular Ca2+ homeostasis and regulation of apoptosis and proliferation. It 
has been shown that regucalcin is under-expressed in prostate cancer cells, suggesting that a 
loss of RGN expression may be associated with tumor development. However, no studies on 
the characterization of RGN regulation by extracelular Ca2+ in prostate cells have been 
conducted; therefore we proposed to determine the role of extracelular Ca2+ on the 
expression of regucalcin in prostate cells. For this purpose the following tasks were defined: 
 
• To characterize regucalcin expression in prostate cell-lines; 
 
• To evaluate the effect of extracellular Ca2+ on regucalcin mRNA and protein 
expression in non-neoplastic prostate cells; 
 
• To study the effect of extracellular Ca2+ on cell viability in non-neoplastic and 
neoplastic prostate cells. 
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III. Materials and Methods 
1 Cell Culture and treatment  
Prostate cancer cell lines human immortalized normal prostate epithelial cell lines 
PNT1A and PNT2 and human prostate cancer cell line LNCaP and PC3 were purchased from 
the European Collection of Cell Cultures (ECACC, Salisbury, UK). 
Cell lines were maintained in a incubator at 37ºC in a 5% CO2 atmosphere with RPMI 1640 
phenol-red (Gibco, Paisley, UK) medium supplemented with 10% FBS (Biochrom, Berlin, 
Germany) and 1% penicillin/streptomycin (Gibco, Paisley, UK). PNT1A cells were then seeded 
in 6-well Multiwell Plates at a density of 500×103 per well in 2ml of cell medium culture. 
When growth confluence of 60% was achieved, the medium was replaced by DMEM 21068 
calcium free medium (Gibco, Paisley, UK), and cells were grown in this medium for 24h. 
Next, cells were exposed to different doses of CaCl2 (0, 1, 1.8, 3, 5, and 10mM) during several 
periods of time (0, 1.5, 3, 6 and 12h). 
2 Cell Viability assays 
PNT1A and LNCaP cells were seeded into 96-well plates at a density of 2×103 and 
1×103 cell per well respectively in 100µl of cell medium culture in triplicate. After a period of 
24h, cells were treated for 24h with DMEM 21068 calcium free medium (Gibco, Paisley, UK). 
After this wash-out period, cells were exposed to different doses of calcium chloride, namely 
0, 1, 1.8, 3, 5 and 10mM during several periods of time (0h, 6h, 12h, 24, 48 e 72h). Cell 
viability was determined by the colorimetric MTS using CellTiter 96 AQueous Assay System 
from Promega (Madison, WI, USA). In this assay, the quantity of formazan product formed is 
directly proportional to the number of viable cells in the cultures. The absorbance was 
detected at 490 nm with a Microplate Reader (Biochrom, Anthos 2020). All experiments were 
repeated at least three times, and each experiment was done in hexaplicated. 
3 cDNA Synthesis 
Total RNA from prostate cell lines were extracted using TRI reagentTM (Sigma, Saint 
Louis, Missouri, USA) according to the manufacturer’s instructions.  In order to access the 
quantity of total RNA, its optical density at 260 nm and 280 nm were determined 
(NanoPhotometer, Implen, Munich, Germany), and the integrity of RNA was verified through 
agarose gel electrophoresis.  
cDNA was synthesized from 1 µg of total RNA which was denatured for 5 min at 70ºC together 
with 1µl of random hexamer primers (Invitrogen, Karlsruhe LMA, Germany). Reverse 
transcription was carried out at 37ºC for 60 min in a 20 µl reaction containing reverse 
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transcriptase buffer (provided with M-MLV Reverse Transcriptase), 1µl dNTP Mix (10 nM; 
Amersham, GE Healthcare, Uppsala, Sweden) and 0,8µl of M-MLV Reverse Transcriptase 
(Promega, Madison, WI, USA). The reaction was stopped at 75ºC for 15 min and synthesized 
cDNA was stored at -20°C until further use. 
4 Real Time and RT- PCR  
To evaluate the responsiveness of regucalcin to Ca2+ in human prostate cells, 
regucalcin gene expression was analyzed by Real-time PCR (iCycler iQ5TM system, Biorad) in 
Ca2+ stimulated cells. Specific primers to human regucalcin (Table 1) were used to amplify a 
fragment of 177 bp. Human GAPDH primers (Table 1) were used as internal controls to 
normalize regucalcin expression. PCR reactions were carried out using 1µg of cDNA 
synthesized prostate cell lines in a 20µl reaction containing 10µl of MaximaTM SYBR 
Green/Fluorescein qPCR Master Mix (Fermentas, EU) and 200nM of RGN primers or 300 nM 
GAPDH primers. Conditions and reagents concentrations were previously optimized. Reaction 
conditions comprise a 5min denaturation at 95ºC, followed by 35 cycles at 95ºC for 10 
seconds, 60ºC for 30 seconds and 72ºC for 10 seconds. The reactions were heated from 55 to 
95ºC with 10 s holds at each temperature (0.05_C/s) and then analyzed by melting curves. 
Fold differences were calculated following the mathematical model proposed by Pfaffl using 
the formula: 2- ]]Ct (Pfaffl, 2001). 
For the amplification of human CaSR, specific primers hCaSR (Table 1) were used to 
amplify a fragment of 491 bp. cDNA (1 µl) was amplified in a final volume of 25 µl containing 
2,5µl NZYTaq buffer with 2.5 mM MgCl2 (supplied with NZYTach DNA polymerase), 0.1 µl of 
NZYTaq DNA polymerase (NZYTech, Lisbon, Portugal), 10 mM each dNTP, and 1,2 µl each 
primer (StabVida, Oeiras, Portugal). Every set of PCR included a no-template control. RT-PCR 
reactions were carried out at a 5min denaturation at 95ºC, followed by 45 cycles at 95ºC for 
50 seconds, 60ºC for 50 seconds and 72ºC for 1 minute. 
 
 
Table 1 PCR primer sequences and amplicon size. 
Gene and 
accession number 





hRGN fw_234 GCA AGT ACA GCG AGT GAC C 
177 
hRGN rv_410 TTC CCA TCA TTG AAG CGA TTG 
Human CaSR 
NM_001178065.1 
hCaSR fw_1822 AAG CAC CTA CGG CAT CTA A 
491 
hCaSR  rv_2312 CGA TCC CAA AGG GCT C 
Human GAPDH 
NM_002046.4 
hGAPDH fw_74 CGC CAG CCG AGC CAC ATC  
76 
hGAPDH rv_149 CGC CCA ATA CGA CCA AAT CCG  
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5 Protein extraction and Western Blot Analysis 
Total protein from cells were extracted using RIPA Buffer (150 mM NaCl; 1% Nonidet-P40 
substitute; 0,5% Na-deoxycholate; 0,1% SDS; 50 nM Tris ; 1mM EDTA)with 1% Protease 
inhibitor cocktail and 10% PMSF. Total proteins (supernatant) were recovered after a 12000g 
centrifugation for 20 min at 4ºC. Quantification of total protein extracts were assessed using 
the Bradford method (Biorad Protein Assay, Hercules, USA).  
Total proteins were  resolved in a SDS-PAGE gel and electrotransferred to a PVDF 
membrane (Amersham) at 750mA for 50min. Membranes were first blocked for 1.5h in a 5% 
skimmed driedmilk (Regilait, France)–0.1% Tween 20 (Applichem, Darmstadt, Germany) in TBS 
solution and then probed overnight 4ºC with a mouse monoclonal primary antibody anti-
Human RGN (Abcam, ab67336, 1:1000, Cambridge, UK).  The membranes were then washed 
with TBS-T and incubated with goat polyclonal antibody against mouse IgG (Abcam, ab7069, 
1:20000, Cambridge, UK) for 1.5h.  Finally, membranes are once more washed with TBS-T and 
then exposed to ECF substrate (Western Blotting Reagent Packs, Amersham) for 2min, and 
visualized on the Molecular Imager FX (Biorad). 
 
6 Statistical Analysis 
The statistical significance of differences in mRNA expression among experimental 
groups was assessed by ANOVA, followed by the Bonferroni post-test. Data analysis was 
performed using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego 
California USA. Significant differences were considered when p<0,05. All experimental data 
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IV. Results  
1 Expression of regucalcin in human prostatic cell lines 
Recently, our research group identified that regucalcin mRNA and protein is 
differentially expressed in PC (11). Therefore, the first goal of this study was to evaluate the 
expression of regucalcin in human non-neoplastic (PNT1A and PNT2) and neoplastic (LNCaP 
and PC3) prostate cell lines. The expression analysis of regucalcin mRNA and protein in 
prostate cells lines was carried out by Real Time PCR and Western Blot, respectively. 
According to Real-time PCR analysis, amplification of regucalcin mRNA is observed in 
all prostate cell lines, but with different levels of expression. Regucalcin mRNA is highly 
expressed in PNT1A cells, followed by PNT2, PC3 and LNCaP (Figure 13).  
 
 
Figure 12 Regucalcin mRNA expression in non-neoplastic (PNT1A and PNT2) and neoplastic (PC3 and 
LNCap) prostate cell lines determined by Real Time PCR. Regucalcin expression was normalized with 
GAPDH as internal reference gene. N=3 in each experimental condition. Error bars represent S.E.M. 
*P<0.05, **P<0.01 and ***P<0.001 compared with PNT1A cell line. #P<0.05 compared with PC3 cell line. 
 
In order to evaluate whether this differentially expression is also verified at protein 
level, western blot analysis was carried out using an anti-regucalcin antibody. The results 
showed an immunoreactive protein with approximately 35 KDa in all prostate cell lines, which 
corresponds to the regucalcin predicted size. This result is in accord as previously reported by 
Fujita (1992) (Figure 14 A). After normalization with β-actin protein, a higher expression of 
regucalcin was found in PNT1A cells, followed by PNT2, PC3 and LNCaP (Figure 14 B).  




















Figure 13 Regucalcin protein expression in non-neoplastic (PNT1A and PNT2) and neoplastic (PC3 and 
LnCaP) prostate cell lines determined by Western Blot. A: Immunoblot of cell lines protein extracts 
using a mouse monoclonal anti- regucalcin antibody (Abcam, ab67336, 1:1000) B: regucalcin expression 
upon normalization of WB results with β-actin antibody (Sigma, A1978, 1:5000).  
 
2 Regucalcin is up-regulated in PNT1A cells by extracellular Ca2+  
To analyze the effect of extracellular Ca2+ in regulation of regucalcin levels in prostate 
cells, we have chosen PNT1A cells because they present higher levels of regucalcin and they 
are non-neoplastic.  
PNT1A cells were stimulated with different doses during several periods of time. 
Regucalcin mRNA and protein expression in response to stimulus were evaluated by Real Time 
PCR and western blot, respectively. According to Real-time PCR analysis, regucalcin mRNA 
expression was up-regulated at 1,5h of stimulation with 1, 1.8 and 3mM of extracellular Ca2+ 
(Figure 15). After up-regulation of regucalcin in response to extracellular Ca2+, the levels of 
regucalcin become to diminish overtime, leading to a down-regulation of regucalcin mRNA at 
12h of stimulation. Our results also show that the effect of extracellular seems to be 
dependent of dose. It is visible that the maximum levels of regucalcin are achieved when 
cells are stimulated with 3mM of extracellular Ca2+. Doses of extracellular Ca2+ above 3mM 
seem to have a lesser effect on regucalcin expression.  
 
 




Figure 14 Effect of extracellular Ca2+ on regucalcin mRNA expression in non-neoplastic (PNT1A) prostate 
cell line determined by Real Time PCR. Regucalcin expression was normalized with GAPDH as internal 
reference genes. N=6 in each experimental condition. Error bars represent S.E.M. Time-course 
experiment in which PNT1A cells were cultured with different doses of Ca2+ chloride, namely 0, 1, 1.8, 




In order to assess whether regucalcin protein expression was also regulated by Ca2+, 
western blot analysis was carried out using a human anti-regucalcin antibody. Due to an up-
regulation of mRNA expression at the 1.5h and a down-regulation at the 12h of stimulation, 
we were to analyze the effect of extracellular Ca2+ at 1.5h and 12h of stimulation in 
regucalcin protein levels. After normalization with β-actin, our results demonstrate that 
regucalcin protein expression is also up-regulated at 1.5h of stimulation and down-regulated 
at 12h after stimulation. However, in opposition to observed at mRNA levels, it seems that 
lower Ca2+ levels led to higher levels of regucalcin protein expression (Figures 16 A and B).  




Figure 15 Effect of extracellular Ca2+ on regucalcin protein expression in non-neoplastic PNT1A prostate 
cell line determined by Western Blot. A: Immunoblot of cell lines protein extracts using a mouse 
monoclonal anti-regucalcin antibody (Abcam, ab67336, 1:1000) B: regucalcin expression upon 
normalization of WB results with β-actin antibody (Sigma, A1978, 1:5000). N=6 in each experimental 
condition. Error bars represent S.E.M. *P<0.05, **P<0.01 and ***P<0.001 when compared to 0mM [Ca2+]o. 
 
3 Effects of extracellular Ca2+ in cell proliferation of prostate 
cell lines 
The effect of [Ca2+]o in cell proliferation of PNT1A and LNCaP cells was investigated 
using MTS method. We observed in non-neoplastic PNT1A cells that high doses of [Ca2+]0 lead 
to a lower percentage of cell proliferation when compared to control levels (0mM of Ca2+) or 
doses near of physiological levels (1mm and 1,8mM). On the other hand, the proliferation of 
neoplastic LNCaP cells are stimulated at higher doses of [Ca2+]0 when compared to 0mM and 
1mM of Ca2+ (Figure 17). 
 
  




Figure 16 MTS cell viability of non-neoplastic PNT1A and neoplastic LNCap cell lines. N=6 in each 
experimental condition. Error bars represent S.E.M. *P<0.05, **P<0.01 and ***P<0.001 compared with 
0mM [Ca2+]o at the same time point. 
 
4 Expression of CaSR in human prostatic cell lines 
 
In order to better characterize the mechanisms underlying the effect of extracellular 
Ca2+ in proliferation of PNT1A and LNCaP cells, analysis of CaSR expression was explored 
because extracellular Ca2+ is mainly sensed by its cognate receptor, the CaSR (58). Our results 
show that CaSR mRNA is expressed in LNCaP cells, but no expression of CaSR was detected in 








Figure 17 CaSR mRNA is differentially expressed between neoplastic LNCaP and non-neoplastic PNT1A 











With this project we start to decipher the role of [Ca2+]o in regulation of RGN in 
prostate cells.  
In a first approach we have demonstrated through Real Time PCR and western blot 
analysis that regucalcin is differentially expressed between non-neoplastic and neoplastic 
prostate cell lines. Regucalcin was highly expressed in human prostate PNT1A cells in 
comparison with PNT2, PC3 and LNCaP cells. Moreover, an apparent decreasing expression 
was observed: PNT1A> PNT2> PC3> LNCaP cells. These findings are predictable since our 
research group showed that RGN is under-expressed in human prostate cancer cases (11). 
Moreover, findings by other authors also have identified regucalcin as a down-regulated gene 
in human (134, 135) and mice (133) hepatocellular carcinomas.  
As presented previously the activation of AR by androgens is required for the growth 
and survival of malignant prostate cells (37) and that with the progression of the disease the 
AR remains strongly expressed and active, even in the absence of androgens (36, 38) 
remaining a critical factor for growth and survival of the majority of tumors (15, 39, 40). 
These findings and the fact that DHT exerts a suppressive role in LNCaP regucalcin mRNA 
expression (11), might come to explain the differences in regucalcin between the non-
neoplastic cells and the neoplastic cells. We observed that PC cell line LNCaP, which is 
androgen responsive, expressed lower levels of regucalcin mRNA when compared to PC cell 
line PC3, which is androgen independent. The differences in AR expression and activity during 
the progression of prostate cancer might be explicative of the differences in regucalcin 
expression between LNCaP and PC3 cell lines, suggesting that loss of RGN expression may be 
associated with tumor development.     
After analyzing these results, we decided to choose non-neoplastic PNT1A cells to 
study the effect of [Ca2+]o  on the regulation of regucalcin levels in prostate cells.  
After performing different [Ca2+]0 stimuli over time we verified a rapid up-regulation 
in RGN mRNA and protein expression at 1,5h of stimulation accompanied by a subsequent 
decreased expression after 3h of stimulation, resulting in a down-regulation of regucalcin 
mRNA at 12h of stimulation in PNT1A cells. This lead us to conclude that regucalcin 
expression is regulated by [Ca2+]0 in normal prostate cells. These results have been reported 
previously in rat and mice liver, where regucalcin mRNA was markedly increased at an early 
time point (30 and 60 min) of Ca2+ intraperitoneal administration (13, 139). This stimulating 
effect was also verified in the kidney cortex of rats, where regucalcin expression was clearly 
increased by a single intraperitoneal administration of CaCl2 solution at 60–120 min after the 
administration (12). Our results, show that higher [Ca2+]0 (5mM and 10mM) exerted slower and 
less intense response in regucalcin regulation when compared to the other concentrations. 
These results suggest that an up-regulation of regucalcin expression should activate 
mechanisms that suppress its overexpression in non-neoplastic PNT1A cells.  
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Taking into account the regulation of regucalcin by extracellular Ca2+ and it has been 
shown that Ca2+ affects cell proliferation and play an important role in PC, we have 
determined the effects of [Ca2+]o on cell viability in PNT1A and LNCaP cells (53). The effect of 
[Ca2+]0 in cell proliferation of PNT1A and LNCaP cells was investigated using MTS method. High 
doses of [Ca2+]0 lead to a lower percentage of non-neoplastic PNT1A cells proliferation when 
compared to control (0mM of Ca2+) or doses near physiological levels (1mM and 1,8mM). On 
the other hand, the proliferation of neoplastic LNCaP cells is stimulated at high doses of 
[Ca2+]0, when compared to the proliferation of the non-neoplastic cells PNT1A receiving the 
same stimuli. This suggests that high doses [Ca2+]o may stimulate prostate cancer cell growth. 
Liao and Schneider, 2006 have shown that no effect of [Ca2+]o is observed in cell proliferation 
of LNCaP cells. We also showed that [Ca2+]o in LNCaP cells took more time in exerting 
differences in cell growth between the different groups of stimuli, where in PNT1A cells the 
differences between groups could be visualized almost immediately leading to assume that 
non-neoplastic prostate cells respond faster to lower levels of [Ca2+]o when compared to 
neoplastic cells.    
As mentioned previously, regucalcin seems to have a dual effect on suppression of 
cell proliferation and apoptosis stimulation. This suppressive effect of regucalcin on cell 
proliferation is related to its inhibitory effect on the activities of various protein kinases and 
protein phosphatases, Ca2+- dependent signaling factors, nuclear DNA, RNA, and protein 
synthesis or IGF-I expression, and its activator effect on p21, an inhibitor of cell cycle-related 
protein kinases (110). The high [Ca2+]0 promoted proliferation in the LNCaP cell line might be 
in part due to lower levels of regucalcin. However, further studies will be necessary to 
demonstrate this fact.  
As mentioned previously, Ca2+ signals derive either from internal stores, or from the 
external medium. There are many different plasma membrane channels that control 
Ca2+ entry in basal conditions, or in response to stimuli such as extra- or intracellular 
agonists, or after the depletion of internal stores (41). Elevations in [Ca2+]0 are mainly sensed 
by its cognate receptor, the CaSR (58). The CaSR has been documented to be over-expressed 
in a variety of tumors, such as breast cancer (140, 141), prostate cancer (9, 141), as well as 
in cancers originating from organs involved in [Ca2+]0  homeostasis, including colorectal cancer 
(142, 143) and parathyroid adenomas and carcinomas (144, 145). 
Our results show that CaSR gene is expressed in LNCaP cells, but not in non-neoplastic 
PNT1A cells. Expression of CaSR in LNCaP cells had been previously demonstrated in (75) and 
(9). Studies have shown that an overexpression of RGN possesses suppressive effects on the 
gene expression of CaSR (146). Elevated [Ca2+]o have also been shown to result in the 
activation of CaSR at the cell membrane (9), as well as others suggest that [Ca2+]o can act 
through the CaSR to prevent apoptosis, allowing the survival of cancer cells (147). In addition, 
CaSR has been reported to mediate cell proliferation in normal and malignant cell, including 
osteoblasts, fibroblasts, astrocytomas, multiple myeloma and testicular cancer (148-152). All 
these findings may suggest that the differences in proliferation between the non-neoplastic 
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and the neoplastic cell lines may be driven through the downregulation of regucalcin in LNCaP 
cells, which leads to increased levels of CaSR, and therefore, an increase in cell viability.  
Due to the diverse functionality of the CaSR in various cancers (breast, prostate, 
parathyroid tumors and colon cancer) its functions must be better understood with further 
studies.     
In summary we verified the expression of RGN mRNA and protein in non-neopastic and 
neoplastic prostate cells lines, and that regucalcin is under-expressed in neoplastic LNCaP 
and PC3 prostate cells. We also showed that [Ca2+]o acts as a regulator of regucalcin 
expression, leading to its up-regulation in PNT1A cells. Moreover, We demonstrate that [Ca2+]o 
may stimulate PC cell growth and that CaSR mRNA is expressed in neoplastic cell line LNCaP, 
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VI. Future Perspectives  
 
Similarly to the study of the effects of [Ca2+]o on regucalcin expression in PNT1A cells, 
this should also be evaluated in LNCaP cells. This experiment will allow us to better 
understand the mechanisms underlying extracellular Ca2+ in PC cells. 
The mechanisms by which [Ca2+]o acts on regucalcin expression are not yet clarified. 
Therefore, studies using agonists and antagonist of CaSR should be carried out in order clarify 
the role of CaSR in regulation of regucalcin in prostate cells.  
To better understand the role of regucalcin in cell proliferation of PC cells, it would 
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